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Abstract

Examination of gonadal histopathology has been beneficial in understanding and assessing the effects of potential endocrine disrupting
chemicals in fish and other organisms. The present study describes the normal gonadal histology of the fatheaBimiepbal€s promelas
a widely used test organism, reviews typical effects of endocrine disrupting chemicals with different modes/mechanisms of action on the
histological structure of the ovaries and testes, and recommends methods for optimizing histopathological results.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction are an important potential target of environmental endocrine
disruption, useful data may be obtained from biomarkers or
About 80,000 chemicals have been introduced into the en-assays ranging from molecular to ecosystem-wide levels of
vironment within the last 50 year€(rtis and Skaar, 2002 organizationyan der Oost et al., 2003
There is mounting evidence that some of these chemicalsmay In 1996, the US Congress passed legislation requiring
pose extensive, even global, threats to wildlife and humansthe US Environmental Protection Agency (USEPA) to de-
(Curtis and Skaar, 2002; Fox, 2001; Vos et al., 20@he of velop a screening and testing program for specific classes
the most complex and heterogeneous classes of these comsf EDCs. In particular, the USEPA has focused on chemi-
pounds are those that might act upon the endocrine systemgals with the potential to adversely affect reproduction and/or
thereby adversely affecting reproduction and development. development through alterations in processes controlled by
Endocrine disrupting chemicals (EDCs) may actin very small estrogen, androgen, and thyroid hormondSEPA, 1993.
amounts and in subtle ways, affecting behavior and secondaryProposed testing is divided into three phases, starting with
sexual characteristics as well as the gonads themselves. It haganking of all chemicals of potential concern for subsequent
been suggested that a variety of biomarkers and bioassays ifiological evaluations, followed by Tier 1 assays with the
the laboratory and in semi-field and field studies be used prioritized subset of chemicals and, finally, Tier 2 tests. The
in determining the consequences of potential EDG(ey Tier 1 tests are proposed as comparatively rapid screens to
et al., 2001; Gray et al., 2002; Parrott and Wood, 2002; van focus the more extensive (and expensive) Tier 2 partial/full
der Oost et al., 2003; Vos et al., 200@With fish, which life-cycle evaluationsSEPA, 1998. Five prototype assays
were recommended as Tier 1 tests; three of the tests use
* Corresponding author. Tel.: +1 218 726 8879; fax: +1 218 726 6235. Mammals (rats) as a model species, and the two remaining
E-mail addressrleino@d.umn.edu (R.L. Leino). assays utilize amphibians (as a screen for thyroid function)
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and fish, to detect EDCs with the potential to effect repro-
duction at any of a number of points in the hypothalamic-
pituitary-gonadal (HPG) axisnkley et al., 1998; USEPA,
1999. The fish test is a short-term (21 days) reproduction
assay with the fathead minnowifmephales promeldghat
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3—-4 months before being replaced with new breeding pairs.
Under these conditions, a clutch of eggs typically is produced
every 3 daysJensen et al., 2001

To assess “normal” changes over time, pairs of fish in the
culture unit were monitored daily for egg production, and

features a number of apical endpoints (survival, fecundity, sampled periodically to collect gonads representative of dif-
fertility, hatch) in conjunction with endpoints diagnostic of ferent gonadal stages during the 3-day reproductive cycle.
alterations in specific aspects of endocrine functidnk{ey The fish were deeply anaesthetized with MS-222, and go-
et al., 200). The diagnostic endpoints include alterations in nads were gently excised form the body cavity, placed in cold
secondary sex characteristics, changes in plasma concentrat% glutaraldehyde—4% formaldehyde in 0.1 M phosphate
tions of sex steroids or vitellogenin, and effects on gonadal buffer, pH 7.4, for at least 24 h, dehydrated in graded ethanol
histology. Various studies with compounds representative of solutions and embedded in methacrylate. The methacrylate
different classes of EDCs have shown that the diagnostic end-blocks were sectioned at 2u3n in a step-wise fashion
points can be quite specific with regard to identification of and stained with hematoxylin and eosin (with or without
mechanism/mode of action (MOA). For example, androgenic phloxin) or with methylene blue—azure A and basic fuchsin
chemicals cause morphological masculinization of reproduc- (seeUSEPA, 2002 and ‘Tissue fixation, staining and sec-
tively mature female fathead minnowar(kley et al., 2001, tioning” below). Gonads used in the present study were typi-
2003, estrogenic compounds induce plasma vitellogenin in cally removed from the body cavity to obtain weights for the
males Ankley et al., 2001; Harries et al., 2000; Kramer gonadosomatic index and because other organs were often
et al., 1998, and xenobiotics that affect steroid metabolism employed for analysis of gene expression or for biochemical
alter circulating steroid concentrations in a predictable man- studies such as measurement of aromatase activity. However,
ner (Ankley et al., 2002 Effects of different EDCs on go-  whole body sections, cut longitudinally with small fish and
nadal histopathology have not been as thoroughly character-in cross-section with mature fish, were sometimes examined
ized as some of these other diagnostic endpoints. to compare gonads in situ with those that were excised.

Histopathology has received increasing interest as an end-
point because histopathological changes are often the resul2.2. Chemical exposures
of the integration of a large number of interactive physi-
ological processesvén der Oost et al., 2003Moreover, An integrated evaluation of gonad histology in fathead
histopathological alterations allow effects to be visible at minnows exposed to EDCs was achieved through considera-
lower exposure levels than many other “integrative” end- tion of samples generated at the Duluth USEPA lab using the
points, such as behavior changes and mortalitggter et al., design described b&nkley et al. (2001)as well as an anal-
2002. In the present study, we describe the normal histology ysis of the open literature for fathead minnow reproduction
of ovaries and testes of spawning-ready fathead minnows typ-studies from other labs, conducted under relatively similar
ical of those used in the protocol describedAnkley et al. conditions. The experiments utilized chemicals representa-
(2001)and illustrate characteristic changes in these organstive of a range of MOA, including strong estrogen recep-
associated with EDCs. We also discuss some techniques fottor agonists (13-estradiol, 17a-ethinyl-estradiol;Miles-
improving the resolving power of light microscopy of go- Richardson et al., 1999a; Lange et al., 2004eak estro-
nadal tissues by using methacrylate sections. gen receptor agonists (nonylphenol, methoxychMiles-
Richardson et al., 1999b; Ankley et al., 200Z&ndro-
gen receptor agonists (methyltestosteronefirenbolone;
Ankley et al., 2001, 2003; USEPA, 2002ndrogen receptor
antagonists (vinclozolin, flutamidéylakynen et al., 2000;
Jensen et al., 2004nd an inhibitor of aromataséifkley
etal., 2002.

The fathead minnows used for these studies came from The study byLange et al. (2001as a full-life cycle
a culture, which has been maintained at the Duluth USEPA test. However, all of the other studies discussed were short-
lab for more than 20 years. The fish are maintained 425 term, usually 21 days, reproduction assays conducted with
under an 16:8 L:D photoperiod in a continuous flow of Lake spawning adults. The studies conducted at Duluth followed
Superior water and are fed newly-hatched brine shrimp adthe standard protocol described elsewh&i8EPA, 2002,
libitum until they are about 1 month old, following whichthey as well as in the aforementioned papers.
receive thawed brine shrimp from frozen stocks. A detailed
description of the culture situation relative to the baseline 2.3. Tissue fixation, staining, and sectioning
studies is presented Bgnsen et al. (2001Briefly, embryos
from spawning adults are maintained in group cultures until  Two approaches have commonly been employed in re-
they reach sexual maturity, typically within 5 months. Male cent studies of fathead minnow histopathology of gonads and
and female fish are then paired and allowed to reproduce forother tissues, one involving a traditional, paraffin-based, and

2. Methods and procedures for fathead minnow
histopathology

2.1. Baseline studies
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one amore specialized, methacrylate-based, histological pro-2.3.2.2. Embeddingembedding of the relatively small fat-

cedure. head minnow gonads can be accomplished rapidly in JB-4
methacrylate (Polysciences, Warrington, PA, USA) or in sim-
2.3.1. Paraffin-based procedure ilar plastics, e.g., Immuno-Bed (Polysciences) for immunos-

2.3.1.1. Fixatives.Two fixatives have generally been used taining, when compared to embedding in paraffin. A typical
for paraffin-based studies of gonadal histology and manual schedule for gonads (with tissue in vials on a rotator)
histopathology in fathead minnows: (1) 10% neutral buffered is as follows:

formalin (McCormick et al., 1989 for example, Roberts,
1978, and (2) Bouin’s fluid Roberts, 1978 Presumably 5504 ethanol 30 min
Bouin’s is used because of its capability for rapid fixation

0 .
(4—6 h) and strong subsequent tissue staining. However, in-50/0 ethanol 30 m?n
tracellular substances, such as granules and inclusions, ard>% ethanol 30min
often poorly preserved with this fixativ&Kigrnan, 1990. 95% ethanol 30 min
Eeutr:al buff(ijred hforrlr(;e}gn glllivebs l?_ettgrf tis;zt:] preservation, 100% ethanol 30 min
utthe gonads should ideally be fixed for ormore. JB-4 solution A (catalyzed with 0.9g 2h
catalyst/100 ml)

2.3.1.2. EmbeddingParaffinembedding of fathead minnow
gonads can be accomplished by standard methods, for exam-
ple, as described iKiernan (1990)and employing a graded
series of ethanol solutions, an intermediate solvent, and in-
filtration in melted paraffin.

Embed (40 parts catalyzed solution A:1 part solution B;
prevent contact with air during polymerization).

2.3.2.3. Sectioning and stainingsonads are embedded in
the same longitudinal orientation as with paraffin blocks.

staining procedures can be used with fathead minnow tis- 1 "€Y are also sectioned in the same step-wise manner as

sues. For example, sections may be cutjatband stained ~ Paraffin blocks, but at a thickness of 2« Staining of
with hematoxylin and eosin. For ovaries, typically in our lab- Methacrylate sections can be accomplished as with paraffin

oratory, a number of slides are made, each with one sectionProcedures, but with slight modifications. Examples of two
from 500p.m deep into the longitudinally oriented organ and modified procedures that give similar results are presented

two sections from 100@m deep. Testes are sectioned in a below:
similar manner, except that the sections are taken at 250 and
500p.m depths. Hematoxylin and eosin (with phloxin)
Advantages of paraffin techniques include: (1) a typical  Stain sections for 30—45 min with filtered Harris
histology laboratory is set up to routinely process large num-  hematoxylin
bers of samples, (2) more personnel are familiar with paraffin = Rinse with distilled water
sectioning and staining procedures, (3) paraffin sections have
been used in several recent EDC and other studies with fat- i ) o )
head minnows, and (4) a wide variety of staining techniques Staln'cpoled slides for l.—2 min in saturated aqueous eosin
are available, including some that involve immunostaining. containing 0.25% phloxin
Disadvantages include: (1) thicker sections allow less de- Rinse in distilled water, dry on a hot plate, and coverslip
tail to be resolved, (2) several artifacts, e.g., due to tissue
shrinkage during prqcess_ing, are pre'_sent, and. (3) tissue SaMgzasic fuschin and methylene blue—azure A
ples have to be archived in other fixatives for high-resolution

2.3.1.3. Sectioning and stainingtandard sectioning and

Dry on a hot plate

electron microscopy. Stock basic fuschin:
1% basic fuchsin in 50% ethanol
2.3.2. JB-4 methacrylate-based procedures Stock methylene blue—azure A in distilled water

2.3.2.1. FixativesWhile the same fixatives (Bouin's, neu-
tral buffered formalin) used in paraffin procedures may
be employed, better tissue preservation is afforded by 1% methylene blue

formaldehyde-glutaraldehyde fixatives when embedding in 1% borax

methacrylate. Both traditional electron microscopic fixatives, Dilute basic fuchsin 1:4—1:12 or more with distilled water
e.g., 2.5% glutaraldehyde—2% formaldehyde in 0.1 M phos-
phate buffer, or other fixatives, e.g., 1% glutaraldehyde—4% o
formaldehyde in 0.1 M phosphate bufféepsen et al., 2001 Dilute methylene blue—azure A 1:2-1:4 or more with distilled
work well with fathead gonadal tissues. As with neutral ~ Water

buffered formalin, gonads should be fixed for at least 24 h Stain 10-20s, rinse with distilled water, dry, and coverslip
prior to embedding.

1% azure A

Stain 10-20 s and rinse with distilled water
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Optimal staining times and stain dilutions will vary with the Other methods used to describe and evaluate EDC effects
fixative used and with section thickness. on gonads are still evolving based on the kinds of histopatho-
Advantages of the methacrylate technique include: (1) logical changes that are being observed. Perhaps the most
better fixation, less solvent-related extraction, and thinner important of the published methods attempt to quantify a
sections allow for greater resolution of tissue and cellular histological change, as in counting the numbers of follicles
details compared with paraffin sections (in fact, the superior in various stages of developmei{es-Richardson et al.,
resolution afforded by methacrylate sections may obviate 1999a,b Smith, 1978. Counting of follicles provides more
the need for electron microscopy in many cases); (2) tissuesinformation on whether the percentage of particular stages
embedded in methacrylate experience little shrinkage while is abnormally low or high than does staging. For example,
those embedded in paraffin shrink 20% or more; (3) cutting treatment of fathead minnows with 10 nM of estradiol for 14
distortion, an artifact related to tissue compression during days resulted in a greatly increased percentage of primary fol-
sectioning, is greatly reduced in thin methacrylate sections; licles and a decreased percentage of mature follidléies-
(4) staining of methacrylate sections, for example, with Richardson et al., 199%aA recommended method involves
hematoxylin and eosin, is far simpler than paraffin sections, counting 100 follicles from sections taken from between
requiring no removal of embedding media or sequential hy- 500um into the ovary and its midline, and calculating the
dration and dehydration steps; (5) when electron microscopy percentage of each follicular stage present. A similar method
is desired, the archived tissue is already in a suitable (recom-has also been employed to assess the severity of oocyte atresia
mended) fixative; and (6) methacrylate sections have been(McCormick et al., 1989 That investigation determined that
used in several recent EDC studies. Disadvantages includea critical mean percentage of 20% atretic follicles affected
(1) some laboratories lack the facilities for methacrylate spawning success in groups of fathead minnows exposed to
procedures, (2) hand processing of tissues is more expensiveacidified water. This percentage is higher than the 10-12%
(3) sectioning tissues larger than about 6 mm by 12 mm atresia occasionally seen in normally spawning females
requires special wide glass knives, and (4) staining proce- (see below).
dures must be modified for methacrylate sections. Given
these considerations, methacrylate embedding of tissues?2-4.2. Testes
fixed for at least 24h in formaldehyde—glutaraldehyde  Asis the case for ovaries, testicular stagiigt{le 9 rep-
is the method of choice in our |ab0ratory: the greater resents the initial step in evaluating the histological effects of
resolution and fewer artifacts seen in methacrylate sectionsEDCs. However, as with ovaries, testicular staging will likely

make it worthwhile to establish a ‘methacrylate’ facility reveal only EDC effects that profoundly influence testicu-
in histopathology laboratories where EDC studies are lar maturation. Certain quantitative methods have been em-

performed. ployed to describe more subtle changes in testicular histology
(Smith, 1978 including: (1) Percentage of testicular stages
2.4. Evaluating EDC-induced histological changes in present Determination of the percentage of each testicular
fathead minnow gonads stage present, such as primary and secondary spermatogonia
and spermatocytes, can provide information as to whether any
2.4.1. Ovaries ofthese stages has an atypical distribution. Unlike ovaries, the
Gonadal staging, i.e., as described for ovaridgiole 1 is relatively small and more numerous testicular germ cells are

afundamental method for discerning effects of EDCs on thesedifficult to count properly without an ocular grid or similar de-
organs. For example, if ovaries of control fish are stage 4, andvice.Smith (1978employed an ocular grid to evaluate testic-
those of EDC-exposed fish are stage 3, EDC exposure hasilar developmental stages, counting 100 cells in each of three
resulted in a major effect on ovarian development. Gonadal sections per fish. It is important to include different regions
staging is recommended as the first step for the histologicalfrom the same testes because testicular histology sometimes
evaluation of EDC effects. varies from one region to another, in contrast to ovaries, which

Table 1
Histological stages of fathead minnow ovarian development

1. Primary growth Oogonia and primary oocytes
1a. Oocytes in nests; small cytoplasmic volurfig(3)
1b. Oocytes larger, out of nests, surrounded by follicle cells; many pleiomorphic nucleoli bordering the nuclear envelope

(Fig. 4
2. Cortical alveolus Appearance of cortical alveoli and scattered small lipid dropigts5|
3. Early vitellogenic Appearance of yolk bodies: initially few and small; ultimately many and variably-sized; centrally located germinalsvesicle i

round to oval with several peripheral nucledfig. 6)

4. Late vitellogenic Germinal vesicle loses nucleoli, moves towards the periphery and breaks down; yolk bodies frequently fill the entire center
of the oocyte and a germinal vesicle may not be evidEigf. )

5. Mature/spawning oocyte Germinal vesicle breakdown complete; yolk bodies fuse and may become larger than cortical alveoli
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Table 2
Histological stages of fathead minnow testicular developmentRKiged 1)

1. No developing and only resting germ cells

present
2. Spermatogonia 2a. Primary spermatogonia: large cells near edges of tubule; have a lightly staining nucleus with a prominent
nucleolus
2b. Secondary spermatogonia: clusters of medium-sized cells with a round, lightly basophilic nucleus;
cluster or cyst is the result of several mitotic divisions of a primary spermatocyte
3. Spermatocytes 3a. Primary spermatocytes: smaller cells with smaller, more basophilic nuclei than spermatogonia: will

undergo meiosis | to produce secondary spermatocytes
3b. Secondary spermatocytes: small cells with smaller, more basophilic nuclei than primary spermatocytes:
will undergo meiosis Il to produce spermatids

4. Spermatids and some spermatozoainlumen Spermatids have a small, intensely basophilic nucleus; they mature into spermatozoa
of seminiferous tubule; small tubule lumen
5. Abundant sperm in an expanded lumen Fig6. 13 and 1%

seem to have a rather uniform distribution of oocyte stages Testicular atrophy and ova—testddajor changes in the
throughout. (2)lubule diameterCertain EDCs may enhance testes, sometimes even making them difficult to identify
or decrease sperm production. Histologically, this may man- in histological sections, can be produced by FDEor
ifest itself as an enlargement or reduction in the mean diame-example Lange et al. (2001)eported ova—testes and frank
ters of seminiferous tubuleSmith (1978)andGimeno et al. testicular atrophy in fathead minnows after long-term
(1998)described methods to measure and quantify changesexposures to ethylenestradiol. More work needs to be done
in tubule diameters and relate these changes to sperm proen describing the major histopathological events leading to
duction. Again, due to variations in different areas of the tis- testicular atrophy.

sue, tubule diameters should be measured in several testicular

regions.

With zebrafish, another species widely used in EDC stud-
ies, similar and novel measurements, most involving comput-
erized morphometry of testes have shown promise in reveal-
ing testicular changes upon exposure to ED@s (den Belt
etal., 2002; van der Ven et al., 2008hese measurements in-
cluded the size and numbers of various cyst stages, anomalie
of meiosis | in cysts, Sertoli and Leydig cell hyperplasia or
hypertrophy, and changes in testicular interstitial volume pri-
marily due to EDC-induced deposition of vitellogenin. With
some adaptation, these approaches could be used with fathe
minnows, as well.

3. Results and discussion

3.1. Gonadal histology of reproductively-mature fathead
minnows

3.1.1. Ovaries

%.1.1.1. General structureThe ovaries are paired organs
that, when mature, occupy much of the abdominal cavity
ventral to the swim bladderQrizzle, 1979. They are
%uspended by a mesentery, the mesovarium, that is attached
8% the dorsal wall of the abdominal cavity, the dorsal part
of the swim bladder near the kidneys and to the wall of the

) _ ) ~ abdominal cavity slightly lateral to them. The mesovarium
2.4.2.1. Special considerations for testes. Electron mi-

croscopy Some EDC-induced histopathological changes in
testes are difficult to study by light microscopy because of
the small sizes of the affected cells. This is particularly ev-
ident with Sertoli cells, which may undergo major EDC-
induced changes in morphologiMiles-Richardson et al.,
1999a,h. Those investigators used electron microscopy to
describe changes in Sertoli cells in conjunction with sper-
matocyte necrosis. Spermatocyte necrosis appears to be a B>
common result of EDC exposur#lles-Richardson et al.,
1999a,h, and electron microscopy is beneficial for supple-
menting light microscope-based descriptions of this pathol-
ogy. Electron microscopy may also be useful when studying
the effects of EDCs on another small testicular cell, the Ley- _ _ . .
diq cell. Althouah it is reasonable to assume that EDCs ma F|g 1. Sectpn throm_Jgh ovary showing part of the tunica albugenea. The
g g y lining epithelium varies from columnar (arrow) to squamous. Micrographs

affect Leydig cells, no studies have yet been published on this zre from methacrylate sections stained as described with hematoxylin and
subject for fathead minnows. eosin. Bar = 8gum.
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Fig. 2. Higher magnification of the columnar epithelium of the tunica albu-

genea. The epithelium appears to be ciliated. Barégel) = 19um. ) . ) ) )
Fig. 4. Late primary growth oocytes of various sizes. Late primary oocytes

. . . . ded b follicle cells. Bar @ige3) = 27m.
is continuous with the peritoneum that covers the ovary are surrounded by squamous follicle cells. Bar (Sige 3 wm

proper. The peritoneum is composed of a mesothelium ) ] ]
and an underlying layer of connective tissue, the tunica However, since fathead minnows are fractional spawners, all

albuginea. In fathead minnows, rodlet cells are found among ©0CYte developmental stages are seen in a mature ovary: (1)
the squamous cells of the mesothelium, and eosinophilic ©090nia, (2) primary growth stage oocytes, (3) cortical alve-
granular cells, melanocytes, smooth muscle, blood vessels?lUS Stage oocytes, and (4) early and late stage vitellogenic
and nerves are common within the connective tissue layer. 00CYtes. _

The visceral border of the tunica albuginea is lined with an ~ ©0gonia Oogonia (and/or the smallest oocytes present;
epithelium that is squamous ventrally and columnar dorsally Se€Selman et al. (1993re small cells (12—-2@am in diam-
(Figs. 1 and 2 The columnar cells appear to be ciliated. ©ter in methac_rylatg sections) occurring in groups or nests
Ovigerous lamellae extend from the tunica albuginea toward &/0ng with similar-sized and larger primary oocyte( 3).

the center of the ovary, dividing it into lobules that contain ©0gonia have a large nucleus with a few variably sized nu-

the oogonia and developing oocyt&rizzle, 1979.

3.1.1.2. Gametogenesifathead minnows may spawn in as
little as four months after hatchingégnsen et al., 20QLit-

tle is known about gonadal development during this time, but
oogonia are identifiable in ovaries of very young juveniles
and oocytes are present in older juvenil€sitzle, 1979.

Fig. 3. Oogonia or small primary oocytes (arrows) in nestwith larger primary
oocytes. Bar = 1Qm. Fig. 5. Cortical alveolus stage oocyte. Bar =35.
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cleoli and a relatively narrow rim of cytoplasm. They are not The centrally positioned germinal vesicle is oval during this
surrounded by follicular cells. stage and has numerous peripherally located nucleoli of
Primary growth oocytesEarly primary growth oocytes  various sizes. The vitelline envelope (zona radiata) is clearly
(12—-35um diameter) are often seen next to other primary visible in even the smallest cortical alveolus oocytes, and
oocytesFig. 3. They are stillin nests and not completely sur- the follicle cells are squamous in early-, and more cuboidal
rounded by follicular cells, which are also presentin the nests. in late, cortical aveolar oocytes.
Early primary oocytes have a round or oval nucleus with a  Vitellogenic oocytesThe initiation of vitellogenesis form-
few variably sized nucleoli. The cytoplasm contains no corti- ing vitellogenic oocytes (425-1070n diameter) represents

cal alveoli or yolk bodies. Late primary oocytes (35140 the next developmental stage and is characterized by the ac-
diameter) have exited from cell nests and become completelycumulation of eosinophilic yolk bodies in the ooplasm. In fat-
surrounded by squamous follicle celisg. 4). Both cytoplas- head minnows the yolk bodies are also weakly sudanophilic

mic and nuclear (germinal vesicle) volumes increase consid- (Leino, 2003, unpublished). At first the yolk bodies are much
erably during the primary growth phase, as do the numberssmaller than cortical alveoli and mostly dispersed among
of nucleoli, which tend to lie close to the nuclear envelope. them, especially in the perinuclear cytoplaskig( 6). As
Cortical alveolus oocytesCortical alveolus oocytes the oocyte grows, the yolk bodies become larger and more
(170-425.m diameter) are characterized by the appearancenumerous and displace the cortical alveoli, pushing them to
of cortical alveoli (“yolk vesicles”) and, in some fishes, small the periphery of the oocytd-igs. 6 and Y. In the late vitel-
lipid droplets, in the cytoplasm. Fathead minnow oocytes logenic oocyte (800-1070m diameter) the germinal vesicle
typically have only a few lipid droplets, based on staining also appears to move toward the periphery of the oocyte and
with Sudan (lipid soluble;Bronner, 197%) dyes. In early then to disappear entirely when the oocyte approaches ma-
cortical alveolus oocytes, it is possible to observe only one turity (Fig. 6). In vitellogenic oocytes the vitelline envelope
or two cortical alveoli; larger oocytes have many cortical thickens and becomes striated due to the great numbers of
alveoli distributed throughout the cytoplaskids. 5 and & pore channels that penetrate through it. The follicle cells are

Fig. 6. Part of ovary containing early and late vitellogenic oocytes with densely stained yolk bodies. Note single cortical alveolus stage@olyBa(ar
165um.
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Fig. 8. Post-ovulatory follicle (“corpus luteum”, arrow) with an open lumen

Fig. 7. Vacuolated post-ovulatory follicle (arrow) from a day 1 ovary. Bar
(seeFig. 8) = 40pum.

[ ]
cuboidal with a large nucleus and a prominent round nucleo-
lus. External to the follicular layer lies a thin basal lamina and
a theca consisting of squamous thecal cells, capillaries, and
a thin connective tissue stroma. In the most mature oocytese
observed in tissue sections some yolk bodies coalesce and
become larger than the cortical alveoli but remain numerous
rather than joining into a single yolk mass. .

3.1.1.3. StagingStaging of ovaries of fractional spawn-

from a day O ovary (see text). Bar = fn.

Day 1: Ovaries sampled on day 1 after spawning have
progressed to stage 4. The post-ovulatory follicles tend to
be smaller and have thinner walls than at day 0. Some are
vacuolated and appear to be breaking doig (7).

Day 2: Day 2 ovaries tend to be at late stage 4. Post-
ovulatory follicles are often difficult to identify. Those that
are present are small and highly vacuolated.

Day 3 (spawning): Ovaries reach stage 5—-spawning ready.

3.1.1.5. Atretic follicles in normal, reproducing femalds.

ers, such as the fathead minnow, has generally been basedn EDC affects ovarian development and/or spawning, a log-
upon the maturest oocytes present in the histological sectionical histological feature to assess is an increase in numbers
(Jensen et al., 2001; Leino and McCormick, 1997; Selman of atretic follicles (pre-ovulatory atretic follicles (POAFs)).
and Wallace, 1986; Selman etal., 1993; Shimizu, }9ich In fathead minnows\lcCormick et al., 198pfollicular atre-
a classification, based on the studies above, is presented irsia is initially indicated by breaks or gaps that appear in the
Table 1 vitelline envelope Fig. 10. Subsequently, the nucleus and

In fathead minnows, stage 5 oocytes are rarely observedyolk material begin to degenerate, and absorption of yolk
unless females are sampled while spawning. In other words,results in the follicle becoming less densely stained. Ulti-
late stage 4 oocytes are apparently only hours away frommately, a shell of follicular cells in various stages of degener-
being ovulated. ation surrounds a loose mass of oocyte resideGormick

et al., 1989 before the structure collapses and forms a small

3.1.1.4. Ovarian stages in normal, reproducing females. cell mass that then disappears. Follicular atresia in experi-
With optimal laboratory spawning conditions (e.g., 16 h pho- mental populations of reproducing fathead minnows is gen-
toperiod, 25 C water) most female fathead minnows spawn
every 3—4 daysJensen et al., 2001Some, however are daily
spawners, at least for a period of time. Others spend many
days between spawnings. The following description consid-
ers variations in ovarian histology during a typical spawning
cycle.

e Day 0: Day 0 ovaries were sampled within about 8 h after
spawning, which usually takes place in the early morning.
These ovaries had returned to late stage 3. Post-ovulatory
follicles (“corpora lutea”) are numerous. In some ovaries
most of these follicles are collapsed while in others the
follicle lumen is open Figs. 8 and ¥ In goldfish, post-
ovulatory follicles have lumens for at least 10 h after ovu- 8
lation, but the follicles collapse by 30h post-ovulation =
(Nagahama et al., 1976This phenomenon may occur
more rapidly in fathead minnows.

Fig. 9. Collapsed post-ovulatory follicle (arrow) from a day 0 ovary. Bar
(seeFig. 8 = 60pum.
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ampullae that are similar to seminiferous tubules, but lack
germinal epithelium Grizzle, 1979. Ampullae empty into
the ductus deferens.

In addition to the germ cells, two other principal cell-types
are present in the testes: Sertoli cells and interstitial cells of
Leydig. Sertoli cell bodies, the part of the cell that contains
the nucleus, are small and difficult to locate. At high mag-
nification these cell bodies are often triangular shaped struc-
tures situated near the outer rim of the seminiferous tubule
(Fig. 12. The elongate euchromatic nucleus often exhibits a
single nucleolus. Processes of a Sertoli cell envelope a cluster
of developing germ cells derived from a single primary sper-
matogonium to form a cyst. These cytoplasmic processes are
not usually visible with the light microscop&(izzle, 1979.
Numerous polyhedral-shaped Leydig cells are found, usually
in groups, in connective tissue spaces between seminiferous
tubules Fig. 12. They typically have an oval heterochro-
matic nucleus and a narrow rim of cytoplasm.

3.1.2.2. Gametogenesis and stagifidne germinal epithe-
lium of fathead minnows has an apparently random distribu-
tion of spermatogonia along the entire length of the tubule,

Fig. 10. Pre-ovulatory atretic follicle in early stage of atresia; note break-

down of zona radiata. Bar = 120m. the so-called “unrestricted” type of testiSiier, 1981; Jensen

et al.,, 200). Spermatogonia are located in small periph-
erally at a low level Jensen et al., 2002McCormick et al. eral cysts in the tubule; these cysts enlarge and extend to-
(1989) reported a mean atresia level (in controls) of 1.6% ward the tubule lumen as spermatogenesis proceeds. Five
(range 0-11.6%n = 10) in their experiments, anilliles- stages of germ cell development are readily identified in

Richardson et al. (1999bkported a level of 4.6% (range the fathead minnow: (1) primary spermatogonia, (2) sec-
0-12%,n = 7). Although most females have a very low in- ondary spermatogonia, (3) primary spermatocytes, (4) sec-
cidence of POAFs, a few specimens have high levels. Forondary spermatocytes, and (5) spermatids and spermatozoa
example, in théicCormick et al. (1989%tudy, nine ovaries  (Grizzle, 1979; Jensen et al., 2001; Smith, 197#e pres-

had atresia levels of 0—1.3% while only one ovary had a sub- ence or absence of these stages in a histological section, then,
stantially higher level of 11.6%. Out of 27 “control” ovaries can be used to judge the state of testicular maturity. However,
examined for the present document, only three had relatively a better idea of how many sperm are being produced may
high levels of atresia. Examination of these ovaries showed be obtained by considering the relative size and sperm con-
them to be otherwise histologically normal, at prespawning tent of the seminiferous tubule&imeno et al., 1998; Leino

late stage 4, and with atresia mostly or entirely of the maturestet al., 1990; Smith, 197%8as inTable 2

follicles (Fig. 10. The histology is suggestive of the female

“missing” a spawning opportunity. Overall, follicular atre- 3.1.2.3. Testicular changes in normal, reproducing males.
sia in the 10-12% range may be part of a normal process inDuring a typical 3-day spawning cycle the testes do not seem
some (or perhaps many) fathead minnows some time duringto regress to an earlier stage as ovaries do. Examination of
the long spawning period. No obvious background pathology, testes at 0, 1, 2, and 3 days after spawning revealed, instead,

including testes—ova, were observed in our samples. that just after spawning certain seminiferous tubules or re-
gions of these tubules became largely depleted of sperm and
3.1.2. Testes had a thin germinal epithelium. Other tubules, however, had a

3.1.2.1. General structureThe testes are a pair of elon- thick germinal epithelium or abundant sperm or both. Appar-
gated white organs situated in the dorsal body cavity. Like ently, sperm production is unlikely to be diminished during
the ovaries they are suspended by a peritoneal mesenterynormal laboratory spawning intervaiig. 13).

Peritoneum covers the testes and consists of a layer of simple

squamous epithelium and a thin connective tissue capsule3.2. Endocrine disrupting chemicals and gonadal

the tunica albuginearizzle, 1979. Connective tissue septa  histopathology

that separate the seminiferous tubules are continuous with

the tunica albuginea. The seminiferous tubules contain the  Several recent studies involving exposure of fathead min-
germinal epithelium that ultimately gives rise to spermato- nows to waterborne EDCs have included an examination of
zoa fig. 11). In mature testes spermatozoa are present in thegonadal histopathology. Most, but not all, of these studies
lumens of seminiferous tubules and of the dorsally situated considered effects on both ovaries and testes.
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Fig. 11. Section of a seminiferous tubule showing various developmental stages: (1) primary spermatogonia, (2) secondary spermatogonig, (3) prima
spermatocyte, (4) secondary spermatocyte, and (5) spermatids, late cyst above and early cyst beneatlurBar = 17

Fig. 12. Sertoli cell (long arrow) and interstitial cells of Leydig (short arrow) in testis. Bar 5.5
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High (3.6n.0/l) concentrations of methoxychlor resulted
in increased follicular atresia in some femalaskley et al.,
2001. This finding is consistent with a substantial reduc-
tion in numbers of eggs produced at this high methoxychlor
concentration during a 21-day exposure.

In testes, exposure to 1.1 or 3ud/l nonylphenol resulted
in significant necrosis of germ cells and spermatozoa accom-
panied by hyperplasia and hypertrophy of Sertoli cells con-
taining germ cell remnantd/jles-Richardson et al., 199%b
In contrast, methoxychlor had no discernable effect on testis
histology despite the finding that plasma of males exposed to
this agent had significantly decreased levels of testosterone
and 11 ketotestosterone.

Taken together, the weak estrogen receptor agonists stud-
ied so far have exhibited effects on the histology of either
ovaries (methoxychlor) or testes (nonyphenol), or neither or-
gan (nonyphenol ethoxylate), suggesting that there may be
different MOA for different weak agonists.

Fig. 13. Stage 5 testis with thick germinal epithelium and sperm-filled lu-
mens. Bar (seEig. 14 = 140pm.

3.2.1. Strong estrogen receptor agonists 3.2.3. Strong androgen rece'ptor agonists
The strong estrogen receptor agonists g@stradiol Ankley et aI.'(2001)exam|ned the effects of the strong
[E2], ethinylestradiol [EE2]) examined to date have simi- and_rogen agonist methyltestosterone on fathead minnows
lar effects on fathead gonadkramer et al., 1998; Lange during a 12 days flow-through study. Even at the lowest
et al., 2001; Miles-Richardson et al., 1999Both E2 and ~ concentration tested (0.2mg/l), spawning promptly ceased.
EE2 seem to interfere with egg production. Ovaries of treated Examination of the ovaries of treated fish after the 12-day
fish exhibit fewer mature, and more atretic, follicl&samer exposure revealed no post-ovulatory follicles. Instead there
et al. (1998)andMiles-Richardson et al. (1999apted that ~ Were numerous pre-ovulatory atretic follicles asFig. 10
E2 treatment resulted in a sustained increase in plasma vitel-2nd maturation of younger follicles was suppressed. Thus,
logeninin females. They suggested that sustained abnormallyovaries of fish exposed to methyltestosterone may rapidly
high vitellogenin levels interfere with final maturation and révert to an earlier developmental stage.
release of oocytes from the ovary, possibly by inhibiting go- Methyltestosterone—exposed.testes differed from contrc_)ls
nadotropin Il release by the pituitary. in that t_hey ap_pea_red to be stlmulated_ to near e>_<haust|on
Strong estrogen receptor agonists also affect the testis Of germinal epithelial stages. The germinal epithelium was
Testicular changes vary, depending on dosage, from inghthCh thinner, and “spgrmatogenic activity." more scattered
degeneration, especially involving spermatozoa, to frank than usually observed in control testes (aBim 14 Ankley
atrophy and appearance of testes—ova. Moredvidgs- etal., 200). )
Richardson etal. (1999&3ported that a dose-dependentpro-  RecentlyAnkley et al. (2003yeported results very sim-
liferation of Sertoli cells containing remains of spermatozoa i1ar to those in the methyltestosterone study were observed
accompanied degeneration of spermatozoa. in fathead minnows exposed to the androgenic growth pro-
The aforementioned studies concluded that the reducedmoter 178-trenbolone. Specifically, trenbolone exposure re-
reproductive success associated with exposure to strong esduced (0.03.g/l) or abolished (0.5.g/l) egg production. The
trogen agonists is likely due to effects on both ovaries and ovaries, even at the lower trenbolone concentration, were at
testes. an earlier developmental stage than in unexposed females.
Many of the vitellogenic and atretic follicles from exposed
fish had an unusual appearance in that yolk deposition was
3.2.2. Weak estrogen receptor agonists low for their size, apparently reflecting trenbolone’s propen-
Nonylphenol and methoxychlor are putative weak estro- sity to reduce plasma vitellogenin concentrations.
gen agonists that have been tested in fathead minnow expo- As with methyltestosterone, the testes of trenbolone
sures that included a gonadal histopathology component.  (0.5up.g/l)-exposed fish exhibited thinned germinal epithelia
No histological changes were observed in ovaries of min- and scattered spermatogenic activity abig. 14
nows exposed to 0.5-3u/l of nonylphenol, or similar con-
centrations of its parent compound, nonylphenol ethoxylate, 3.2.4. Androgen receptor antagonists (or antiandrogens)
for 42 days Miles-Richardson et al., 1999bAlthough egg Vinclozolin, a fungicide that exhibits anti-androgenic
production was increased at some nonylphenol concentra-properties in mammals, was tested with fathead minnows
tions, this would not necessarily be apparent on histological in a 21-day studyNakynen et al., 2000 The major histo-
examination of the ovaries. logical finding was that, at the highest concentration tested



96 R.L. Leino et al. / Environmental Toxicology and Pharmacology 19 (2005) 85-98

F‘. PR TN g
" : 1’ ,
e B Y
b‘ it : Ny i i '
% i s‘ @ 0, v, g
v ob » & ‘
% .lc:, " ..':‘- ‘ ‘
‘“'ﬁ’. PP .. . '*.r * ‘
- ° rl" & 0.‘»‘.‘.
3 XAt SO |
U X 2% 5 &9 . ‘
"‘?‘ oAy .“'.\ & i,
RS- .ﬁ' s
e T ' 0" spsthe o' ‘ £
e e
s, 0% a0t .. ﬁ’
¥ é.. f ....l %"'.~ & . P
. l.'.. . _. .‘ 3 LR 8 N
Fig. 14. Stage 5 testis with thin germinal epithelium and expanded lumens i L# Ly e T . N
commonly observed with exposure to androgen agonists such as trenbolone. -'0'0'0‘3:" "}: Q ‘ : \
Bar = 140um. } W Y ..3:;' . ® ‘."3“ _w&
(a1 tie / y

is, the ovaries exhibited retarded maturation, especially re-
garding yolk deposition in oocytes. Paradoxically, there were
no observable effects of the putative antiandrogen on theF_ 15 Section of i bule of mal dioth and
testes at any Concentration tested. 1g. . gctlon or semini erou§ tubule o mae exposed to the antl_an ro-
. . ... gen flutamide for 21 days showing cysts with damaged and pyknotic cells
Flutamide, another antiandrogen, decreased fecundity inagterisks). Bar = 13 m.
the fathead minnow in a concentration-dependent fashion

(Jensen etal., 2004At a concentration of 651g/l, gg pro-  Jier developmental stage (higher concentrations). There were
duction was only about 25% of control values. Examination no differences in the testicular stage (4-mature with plentiful

of the ovaries of flutamide-exposed fish revealed that most or sperm) between the control and the treatment groups. How-
all ovaries in each group were classified as stage 4—spawningever, all males from the two higher concentration groups had

ready. Subtle changes among treatments included: (1) moremore sperm in their seminiferous tubules than did controls
early-stage (1 and 2) follicles and (2) more atretic follicles and the low concentration group.

in some ovaries of treated fish. These factors could indicate | fathead minnows, the aromatase inhibitor fadrozole,

decreased egg production via either a delay in oocyte matu-judging by histological criteria, seems to shut down spawn-

ration resulting in fewer eggs being produced in a given time, jng by preventing maturation of oocytes, while having no in-

or a greater than average number of follicles undergoing re- hibitory effect on testes. The striking accumulation of sperm

sorption before reaching maturity. in testes from the two higher concentration groups could be
No changes that would seem to alter sperm production due to stimulation of sperm production or to greater sperm

were observed in testes of flutamide-exposed fish, althoughstorage due to lack of spawning.

there were a few cysts with variable numbers of degenerating

cells (probably secondary spermatogonia and/or primary 3 3 conclusions

spermatocytes) with pyknotic nuclei in the seminiferous

tubules of some testeBi@. 15.

(700p.g/1), oocyte diameters were significantly reduced. That '.." M :
' .c%’!t

In this work we describe “normal” gonadal histology in
reproductively active female and male fathead minnows. We
3.2.5. Steroid metabolism inhibitor also describe histopathology associated with EDC exposures

Fadrozole is an aromatase inhibitor that blocks the conver- and propose that histopathological procedures using tissues
sion of testosterone to E2 in fishfponso et al., 2000; Ankley ~ embedded in methacrylate offer certain advantages over con-
etal.,2002. Ina 21-day reproduction study with fathead min-  ventional paraffin techniques. In fathead minnows, studies of
nows exposed to fadrozole, spawning was greatly reduced attompounds representative of various classes of EDCs have
the lowest test concentration (Jud/l), and completely ar-  revealed that, while they may have a different MOA, expo-
rested at two higher concentrations (7.3 angugi) (Ankley sure to these chemicals often results in similar pathological
et al., 2002. Histologically, the ovaries exhibited (1) near changes in the gonads. This is notably the case with ovaries
(lowest concentration) or complete (higher concentrations) where exposure to estrogen receptor agonists, androgen
absence of post-ovulatory follicles, (2) increased numbers of receptor agonists, androgen receptor antagonists, and
pre-ovulatory atretic follicles, and (3) regression to an ear- steroid metabolism inhibitors affect oocyte development
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and maturation resulting in the reduction or cessation of Harries, J.E., Runnalls, T., Hill, E., Harris, C.A., Maddix, S., Sumpter, J.P.,
ovulation. Effects of EDCs on testes seem to be more  Tyler, C.R., 2000. Development of a reproductive performance test for

variable. for example resulting in degenerative changes endocrine disrupting chemicals using pair-breeding fathead minnows
' ’ (Pimephales promelasEnviron. Sci. Technol. 34, 3003-3011.

(estrogen receptor agonists) or possible hyper-production;;. c.. "« m. ‘Korte, J.J.. Kahl, M.D., Pasha, M.S.. Ankley, G.T., 2001.
of sperm (androgen receptor agonists, aromatase inhibitors).  aspects of basic reproductive biology and endocrinology in the fat-
Gonadal histopathology is a useful tool in EDC studies head minnow Rimephales promelds Comp. Biochem. Physiol. C

and may provide information on the MOA of EDCs that is Toxicol. Pharmacol. 128, 127-141.

sometimes counterintuitive and unexpected Jensen, K.M., Kahl, M.D., Makynen, E.A., Korte, J.J., Leino, R.L., But-
) terworth, B.C., Ankley, G.T., 2004. Characterization of responses to

the antiandrogen flutamide in a short-term reproduction assay with

the fathead minnow, Aquat. Toxicol., in press.

Kiernan, J.A., 1990. Histological & Histochemical Methods: Theory and

Practice. Pergamon Press, Oxford, England, New York.
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